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INTRODUCTION
The n a t u r e o f i n t e r -s u r f a c e bonding f o r c e s i s of general importance i n f r a c t u r e mechanics, t r i b o l o g y , adhesion o f f i l m s , g r a i n boundary e n e r g i e s , e t c .
The a b i l i t y t o determine these f o r c e s t h e o r e t i c a l l y and e x p e r i m e n t a l l y has been l i m i t e d . The reasons for these l i m i t a t i o n s i n v o l v e the d i f f i c u l t i e s b o t h i n p e r f o r m i n g t h e o r e t i c a l c a l c u l a t i o n s and meaningful experiments. The i n t e r f a c e problem i s f u r t h e r c o m p l i c a t e d b y t h e m a t e r i a l s i n v o l v e d . C o n s i d e r i n g m e t a l s , semiconductors, ceramics, i o n i c s o l i d s , and polymers, and a l l o f t h e p o s s i b l e combinations o f these m a t e r i a l s t o be s t u d i e d a l o n g w i t h t h e d i f f e r e n c e s i n m a t e r i a l p r o p e r t i e s w i t h i n a c l a s s , t h e q u a n t i t y o f i n f o r m a t i o n necessary t o c h a r a c t e r i z e t h e i n t e r f a c e s m u l t i p l i e s r a p i d l y . I n t h i s paper, we w i l l d i s c u s s b o t h t h e experimental and t h e o r e t i c a l d i f f i c u l t i e s i n o b t a i n i n g b a s i c
i n f o r m a t i o n about bonding f o r c e s . Some experimental r e s u l t s which r e l a t e d i r e c t l y t o s u r f a c e bonding and r e c e n t c a l c u l a t i o n s r e l a t e d t o such f o r c e s w i l l be presented.
CONSIDERATIONS FOR EXPERIMENTS Surveys o f experimental techniques f o r measuring adhesion a r e g i v e n i n R e f s . 1 t o 3. We f i r s t make a d i s t i n c t i o n i n c o n s i d e r i n g i n t e r f a c i a l f o r c e s
by d e f i n i n g two c a t e g o r i e s d e s i g n a t e d as " p r a c t i c a l " adhesion and "fundamental" adhesion ( R e f s . 4 and 5). By 
p r a c t i c a l adhesion, we mean t h a t t h e a p p l i c a t i o n determines the needs; t h a t i s , i n a p r a c t i c a l s i t u a t i o n , m e may have a requirement t h a t an i n t e r f a c e be a b l e t o w i t h s t a n d mechanical s t r e s s e s or thermal c y c l i n g . Consequently, a t e s t must be developed r h i c h s i m u l a t e s t h e b c o n d i t i o n s t o be experienced, and a simple f a i l r a t e i s t h e p r i m a r y c o n s i d e r a t i o n . The purpose i n fundamental adhesion i s t o d e s i g n an experiment
which measures t h e s t r e n g t h o f t h e bonding f o r c e a t an i n t e r f a c e . I n Table I, we g i v e some c r i t e r i a for d e f i n i n g the two types of t e s t s as d e f i n e d by H i t c h (Ref. 5 ) .
To accomplish e i t h e r type measurement i s q u i t e c o m p l i c a t e d , b u t t o determine t h e fundamental adhesion p r o p e r t i e s i s e x t r e m e l y c o m p l i c a t e d . I n Table 11 , we g i v e a l i s t o f experimental techniques f o r measuring p r a c t i c a l
adhesion. A s an example o f some of t h e d i f f i c u l t i e s i n v o l v e d i n t h e measurement o f fundamental adhesion, we w i l l d i s c u s s a p a r t i c u l a r t e c h n i q u e used i n many fundamental s t u d i e s . I n t h i s t e c h n i q u e , one loads a f i e l d i o n microscope ( F I M ) t i p a g a i n s t a f l a t s u r f a c e and then p u l l them a p a r t t o measure t h e bonding f o r c e . f o l l o w i s s t i l l a p p l i c a b l e and i l l u m i n a t e s some of t h e d i f f i c u l t i e s i n v o l v e d i n p e r f o r m i n g adhesion t e s t s . I n o r d e r t o s i m p l i f y t h e d i s c u s s i o n , l e t us assume
t h a t o n l y t h e t i p can deform. T h i s p a r t i c u l a r experiment can be t h o u g h t o f i n terms of a s t r e s s -s t r a i n diagram i n a t e n s i l e t e s t ( F i g . 1 ) . We can see
Other geometries have been used, b u t t h e d i s c u s s i o n t o ( F i g . l ( b > ) t h a t i f t h e r e i s adhesion and e l a s t s t r e s s -s t r a i n c u r v e would show a simple Hooke's an a d d i t i o n a l d e f o r m a t i o n , and a n e g a t i v e l o a d s u r f a c e s . I f t h e adhesive bonding f o r c e i s s t r c deformation, o n l y , t h e law b e h a v i o r . Adhesion causes s needed t o separate t h e nger t h a n t h e b u l k , t h e n d u c t i l e e x t e n s i o n w i l l o c c u r b e f o r e f r a c t u r e , and t h e f r a c t u r e w i l l o c c u r i n t h e weaker o f t h e two m a t e r i a l s . Consequently, t h e measured f o r c e s a r e a complex combination o f d e f o r m a t i o n and bonding i f s e p a r a t i o n o c c u r s a t t h e i n t e r f a c e . I f i t does n o t occur a t t h e i n t e r f a c e , one o b t a i n s no q u a n t i t a t i v e i n f o r m a t i o n o t h e r than t h a t t h e i n t e r f a c e was s t r o n g e r than t h e b u l k . Indeed, even e s t a b l i s h i n g where s e p a r a t i o n has o c c u r r e d i s n o t simple and may r e q u i r e s u r f a c e a n a l y s i s t o determine t h i locus of f a i l u r e .
I f we add t h e c o m p l e x i t i e s , such as m u l t i p l e a s p e r i t y c o n t a c t s , v a r y i n g m a t e r i a l p r o p e r t i e s , We have seen t h a t t h e i n t e r p r e t a t i o n o f c o n t a c t experiments i s complicated.
or adsorbates, combined w i t h t h e f a c t t h a t t h e s t r e s s d i s t r i b u t i o n i n t h e c o n t a c t zone i s n o t u n i f o r m , we see t h a t t h e i n t e r p r e t a t i o n
or by bonding techniques such as w e l d i n g s u f f e r s from s i m i l a r d i f f i c u l t i e s .
I n Table 111 , we o u t l i n e some c o n s i d e r a t i o n s which a f f e c t t h e i n t e r p r e t a t i o n o f such experiments. C l e a r l y , t h e range o f c o n s i d e r a t i o n s makes t h e c o n n e c t i o n t o t h e fundamental s t r e n g t h of t h e i n t e r f a c e tenuous, and a l s o makes i t
q u e s t i o n a b l e whether t h e f i l m s t r e n g t h requirements f o r some p r a c t i c a l a p p l i c a t i o n s can be a t t a i n e d . I n a d d i t i o n t o t h e l i m i t a t i o n s i n t e s t i n g
techniques and b u l k p r o p e r t i e s , t h e r e a r e u n c e r t a i n t i e s c o n c e r n i n g t h e i n t e r f a c e . The i n t e r f a c i a l r e g i o n may n o t be sharp; i . e . , t h e c o m p o s i t i o n may be graded. I t may be sharp, b u t t h e r e may be s e g r e g a t i o n from t h e b u l k , e.g., g r a i n boundary s e g r e g a t i o n . The i n t e r f a c e may have d e f e c t s , a l a t t i c e We now p r e s e n t some experimental r e s u l t s where t h e e f f e c t s o f adsorbates on i n t e r f a c i a l forces have been i n v e s t i g a t e d . I n F i g . 2 , we show t h e r e s u l t s o f measuring t h e adhesive ( p u l l -o f f ) f o r c e for a t u n g s t e n FIH t i p i n c o n t a c t w i t h c l e a n versus oxide-covered n i c k e l ( R e f . 6). The I n t h i s experiment, h i s c o n c e n t r a t i o n s r e p r e s e n t p a r t i a l monolayer coverages r a t h e r than o x i d e s . metal i n s u l a t o r c o n t a c t s ( F i g . 4 ) . F i r s t , i n c o n t a c t s between t h e metal and sapphire, t h e shear s t r e n g t h v a r i e d w i t h m e t a l . N e x t , t h e a d s o r p t i o n o f c h l o r i n e on t h e m e t a l , even a t p a r t i a l monolayer coverages, reduced t h e i n t e r f a c i a l shear s t r e n g t h . S u r p r i s i n g l y , t h e a d s o r p t i o n oxygen on t h e metal increased t h e i n t e r f a c i a l shear s t r e n g t h . S i m i l a r l y , a s i n g l e c r y s t a l diamond s u r f a c e which c o u l d be m o d i f i e d by h e a t i n g gave s i m i l a r r e s u l t s ( R e f . 9).
Pepper has shown t h a t h e a t i n g removes hydrogen, which t e r m i n a t e s t h e s u r f a c e bonds. Removal o f t h e hydrogen produces an i n c r e a s e i n t h e i n t e r f a c i a l shear s t r e n g t h . R e p l a c i n g t h e hydrogen a g a i n reduces t h e shear s t r e n g t h . A more s i g n i f i c a n t r e s u l t i s t h a t t h e shear s t r e n g t h c o u l d be c o r r e l a t e d t o changes i n t h e e l e c t r o n i c s t r u c t u r e , a l t h o u g h a d i r e c t c o n n e c t i o n w i t h p h y s i c a l models has n o t been made. These r e s u l t s a r e p a r t i c u l a r l y i m p o r t a n t . A r e c e n t development (Ref. l o ) , t h e atomic f o r c e microscope, enables t h e measurement o f t h e i n t e r f a c i a l bonding f o r c e as a f u n c t i o n of s e p a r a t i o n . The equipment i s e s s e n t i a l l y a s c a n n i n g -t u n n e l l i n g microscope a t
t a c h e d t o a " s p r i n g . " I t i s n o t u n l i k e t h e F I M t i p experiments w i t h a b i l i t y t o measure t h e f o r c e b e f o r e c o n t a c t w i t h h i g h s p a t i a l r e s o l u t i o n ( b u l k i n t e r p l a n a r d i s t a n c e s ) .

A f u r t h e r development o f t h i s technique a l s o p e r m i t s mapping o f t h e shear f o r c e ( R e f . 11). thus p e r m i t t i n g t h e p o s s i b i l i t y o f mapping energy s u r f a c e s . The f a c t t h a t these new techniques a l s o g i v e d e t a i l s of t h e b i n d i n g curve--which w i l l be discussed l a t e r --a l s o g i v e s more d e t a i l e d d a t a for comparison w i t h t h e o r y . s t r e n g t h or a change i n t h i s s t r e n g t h w i t h a d s o r p t i o n . T h i s t e c h n i q u e a l s o has some l i m i t a t i o n s ; however, f i r s t , t h e geometry i s n o t a f l a t -o n -f l a t i n t e r f a c e , and second, t h e r e a r e some m a t e r i a l l i m i t a t i o n s . C u r r e n t s p e c u l a t i o n i n d i c a t e s t h a t t h e STM t i p c o n s i s t s o f one atom, or a t most a small group o f atoms, a t t h e t i p end p a r t i c i p a t i n g i n t h e i n t e r a c t i o n .
conductors. These are relatively minor limitations, however, and the technique should g i v e q u a n t i t a t i v e d a t a for comparison w i t h t h e o r y .
The o t h e r techniques discussed g i v e a t b e s t o n l y a maximum bonding
The t i p m a t e r i a l s must be
F i n a l l y , we would l i k e t o d i s c u s s a t e c h n i q u e which can g i v e bonding i n f o r m a t i o n on t h i n f i l m s , which would be o f more p r a c t i c a l i n t e r e s t . I n t h i s method, developed b y Vossen ( R e f . 121, a number o f d o t s o f t h e f i l m o f i n t e r e s t a r e f i r s t d e p o s i t e d on a s u b s t r a t e , and t h e n t h e o t h e r s i d e o f t h e s u b s t r a t e i s exposed t o a p u l s e from a l a s e r . o f s u f f i c i e n t power, causes s p a l l a t i o n o f t h e f i l m . F i g u r e 5 shows a c o r r e l a t i o n between t h r e s h o l d energy d e n s i t y t o remove a f i l m o f m e t a l from an
Si02 s u b s t r a t e versus t h e heat o f f o r m a t i o n o f t h e o x i d e . some hope o f g i v i n g bond energies between i n t e r f a c e s . I t has t h e advantage o f b e i n g n o n d e s t r u c t i v e t o t h e couple, b u t i s m a t e r i a l l i m i t e d . M a t e r i a l l i m i t a t i o n s a r e secondary a t t h i s stage, s i n c e i t i s necessary t o b u i l d a d a t a base from which t o f o r m u l a t e t h e o r e t i c a l models.
A shock wave c r e a t e d b y t h e l a s e r p u l s e , i f
T h i s t e c h n i q u e has A t t h i s p o i n t , t h e r e i s a g r e a t need f o r c r e a t i v i t y i n d e s i g n i n g experiments t o generate fundamental i n f o r m a t i o n about i n t e r f a c i a l bonding.
Also, t h e r e i s a need f o r a r e l i a b l e d a t a base from which t o f o r m u l a t e and t e s t t h e o r i e s .
THEORETICAL CONSIDERATION
I n t h e p r e c e d i n g s e c t i o n s , we discussed two types o f i n t e r f a c i a l m o t i o n :
t h a t p e r p e n d i c u l a r t o t h e s u r f a c e s ( t e n s i l e ) and l a t e r a l m o t i o n ( s h e a r ) . For t e n s i l e f o r c e s , i . e . , s e p a r a t i o n o f t h e m a t e r i a l normal t o a p l a n e , we e x p e c t t h e b i n d i n g energy versus s e p a r a t i o n c u r v e t o have t h e shape shown i n F i g . 6.
The w e l l depth r e p r e s e n t s t h e b i n d i n g energy; t h i s i s t h e s u r f a c e energy for p e r f e c t l y matched, i d e n t i c a l half-spaces. The r i s e i n t h e curve f o r s e p a r a t i o n s l e s s than t h e e q u i l i b r i u m v a l u e r e p r e s e n t s compression. The
d e r i v a t i v e o f t h i s curve i s t h e f o r c e ( a c t u a l l y t h e t e n s i l e s t r e s s ) necessary t o separate t h e s u r f a c e s . The maximum i n t h i s curve i s t h e " b r e a k i n g f o r c e , " and i t occurs a t t h e i n f l e c t i o n p o i n t o f t h e b i n d i n g energy curve. T h i s i s t h e s i m p l e s t r e p r e s e n t a t i o n o f what o c c u r s e x p e r i m e n t a l l y and can be t h o u g h t o f as a b r i t t l e f r a c t u r e curve. I n d u c t i l e s o l i d s i n t e n s i o n , t h e r e would be a " s t r e t c h i n g " or d u c t i l e e x t e n s i o n b e f o r e t h e b r i t t l e f r a c t u r e . because o f t h e c o m p l e x i t y o f a r e a l t e n s i l e t e s t , i t i s necessary t o understand these components o f t h e process i n d i v i d u a l l y .
However,
The comparable p l o t s f o r t a n g e n t i a l m o t i o n would be r e p r e s e n t e d by s
l i d i n g one half-space o v e r t h e o t h e r ( F i g . 7 ) . I n t h i s case, we have a p o t e n t i a l b a r r i e r t o overcome, where t h e t o p o f t h i s b a r r i e r i s t h e amount o f energy t o be s u p p l i e d t o move t o t h i s p o s i t i o n . t h i s curve g i v e s t h e maximum f o r c e needed t o cause s l i p and i s a t t h e i n f l e c t i o n p o i n t o f t h e energy b a r r i e r p l o t s . f o r c e s a r e p e r i o d i c and a r e o f t e n r e p r e s e n t e d by p e r i o d i c f u n c t i o n s , e.g., t h e Frenkel model (Ref. 13). Again, i n experiments, we have a more complex s i t u a t i o n . This mechanism i s c o n s e r v a t i v e ; i . e . , t h e energy needed t o p l a c e Again, t h e maximum i n t h e d e r i v a t i v e of I n t h i s case, t h e e n e r g i e s and
the solid at the top of the potent a1 hill is regained in moving to the next symmetry position. In real processes, loss mechanisms are involved, such as plastic deformation or heating of the solids, giving rise to frictional forces.
There are further complexities involved at interfaces, even for close to the ideal case. If the structure deviates from the perfect symmetry of a plane in a bulk material, then a rearrangement will occur at the interface. If we bring two different planes of the same material together, or even have a rotation in a given plane (such as a twist grain boundary), there will either be a relaxation to some minimum energy configuration or strains at the interface. Obviously, the same considerations apply for two different materials in contact. Note that these considerations do not even approach the complexities o f a graded interface.
Next we present some theoretical approaches to the interface problems. Car and P a r r i n e l l o ( R e f . 23) have developed a t e c h n i q u e t o o p t i m i z e t h e search f o r e n e r g y minima, b u t t h e p r o c e d u r e s t i l l r e m a i n s q u i t e c o m p l e x . Thus, i t would be u s e f u l t o develop semi-empirical techniques for c a l c u l a t i n g d e f e c t e n e r g e t i c s which have t h e s i m p l i c i t y o f p a i r p o t e n t i a l s b u t i n c l u d e t h e volumedependent e f f e c t s . We w i l l address t h i s q u e s t i o n s h o r t l y , b u t f i r s t we w i l l p r e s e n t some c a l c u l a t i o n s of i n t e r f a c e or adhesion e n e r g i e s . A c t u a l l y , t h e r e has been a p a u c i t y o f such c a l c u l a t i o n s .
c a l c u l a t i o n s of the b i n d i n g energy as a f u n c t i o n o f s e p a r a t i o n have been those
performed by F e r r a n t e and Smith ( R e f . 2 4 ) f o r simple metal c o n t a c t s . The
T h i s f u r t h e r adds t o t h e c o m p l e x i t y o f t h e R e c e n t l y , The o n l y quantum mechanical c a l c u l a t i o n s used a one-dimensional j e l l i u m model c o r r e c t e d f o r t h r e edimensional e f f e c t s . The adhesion energy was d e f i n e d as where E i s t h e t o t a l energy of t h e system, a i s t h e s e p a r a t i o n d i s t a n c e between t h e s u r f a c e s of t h e two m e t a l s , and A i s t h e c r o s s -s e c t i o n a l area.
The r e s u l t s o f t h i s c a l c u l a t i o n for t h e h i g h -d e n s i t y s u r f a c e s o f a number of simple m e t a l s i n c o n t a c t a r e shown i n F i g . 8. R e l a x a t i o n was n o t i n c l u d e d i n t h i s c a l c u l a t i o n , w i t h b o t h m a t e r i a l s f r o z e n a t t h e i r b u l k s t r u c t u r e s . We see t h a t t h e b i n d i n g curves have t h e general shape expected. The s t r e n g t h o f t h e i n t e r f a c i a l bond was q u i t e h i g h , comparable t o surface energies o f t h e b u l k m a t e r i a l s , and t h e range was of t h e o r d e r of i n t e r p l a n a r spacings.
Smith, and F e r r a n t e (Ref.
5 ) found t h a t these curves s c a l e d ( F i g . 9 ) ; i . e . , t h e energy c o u l d be w r i t t e n i n a form
Rose,
where a* = (r -r e ) / l , AE i s t h e b i n d i n g energy, r e i s t h e e q u i l i b r i u m s e p a r a t i o n , and 1 i s a s c a l i n g l e n g t h t o be discussed l a t e r . E * ( a * > i s t h e f u n c t i o n a l f o r m for some " u n i v e r s a l " shape of these curves. Smith, Gay,
R i c h t e r , and A r l i n g h a u s (Ref. 26) have c a l c u l a t e d s u r f a c e e n e r g i e s f o r t r a n s i t i o n metal i n t e r f a c e s u s i n g a f u l l y thr-ee-dimensional model and have o b t a i n e d good agreement w i t h experimental surface e n e r g i e s . They a l s o c a l c u l a t e d t h e e l e c t r o n i c d i s t r i b u t i o n for an i n t e r f a c e between two t r a n s i t i o n metals. T h i s s i t u a t i o n i s q u i t e d i f f e r e n t from t h e simple metal i n t e r f a c e , because o f t h e l o c a l i z e d n a t u r e o f t h e d-bonding, and t h e r e f o r e t h e j e l l i u m approximation c o u l d n o t be used for these m e t a l s . p l o t s a t t h e d i f f e r e n t metal i n t e r f a c e s showed t h e l o c a l i z e d n a t u r e o f t h e bondi ng.
E l e c t r o n d e n s i t y d i f f e r e n c e t h , and F e r r a n t e ( R e f .
25) showed t h a t t h e s c a l e d r e l a t i o n s i m p l e m e t a l s was more general t h a n a t f i r s t a n t i c i p a t e d , and i n f a c t , t h e s c a l i n g a p p l i e d t o a wider c l a s s o f phenomena. I n F i g . 10, we show
t h e r e s u l t s o f s c a l i n g cohesive e n e r g i e s f o r a t r a n s i t i o n m e t a l , b i m e t a l l i c adhesion, c h e m i s o r p t i o n , and a d i a t o m i c . A more i m p o r t a n t r e s u l t i n t h e p r e s e n t d i s c u s s i o n , however, i s t h a t t h e cohesive e n e r g i e s o f m e t a l s s c a l e .
The s c a l i n g l e n g t h s e l e c t e d f o r a l l o f these cases i s g i v e n by
Q = r e i . e . , t h e square root o f t h e e q u i l i b r i u m b i n d i n g energy d i v i d e d by t h e second d e r i v a t i v e o f t h e b i n d i n g energy w i t h s e p a r a t i o n e v a l u a t e d a t t h e e q u i -l i b r i u m p o s i t i o n . T h i s p a r t i c u l a r --b u t n o t necessary--form for t h e l e n g t h s c a l i n g i s convenient, s i n c e t h e second d e r i v a t i v e can be r e l a t e d t o e x p e r i m e n t a l l y measurable p r o p e r t i e s , such as t h e b u l k modulus f o r s o l i d s .
These r e s u l t s l e a d us f i n a l l y t o t h e d i s c u s s i o n of t h e s e m i -e m p i r i c a l techniques needed t o model i n t e r f a c e s and d e f e c t s . The first t e c h n i q u e i s t h e
embedded atom method o f Foiles, Daw, and Baskes ( R e f . 261, based on t h e e f f e c t i v e medium t h e o r y o f Norskov and Lang (Ref. 27) or t h e quasi-atom method
of S t o t t and Zaremba ( R e f . 28). I n t h i s procedure, t h e energy r e q u i r e d t o embed an i o n i n a j e l l i u m i s considered. The t o t a l energy i s w r i t t e n i n t h e form E = F(n> + Z A ( R > Z B ( R > / R ( 3 )
where F(n) i s c a l l e d t h e embedding energy where n i s t h e e l e c t r o n d e n s i t y , and t h e second term r e p r e s e n t s t h e p a i r r e p u l s i o n between i o n c o r e s wbere Z ( R ) = Z o ( l + ORV> exp (-aR), Z i s a n u c l e a r charge, R i s t h e i n t e r -i o n d i s t a n c e , and l3, V , and c a r e determined from f i t t i n g t o e x p e r i w ? : t . I n i t s l ?
m o s t r e c e n t form, t h e " u n i v e r s a l " b i n d i n g energy r e l a t i o n of Rose, Smith, and F e r r a n t e i s used t o d e f i n e t h e embedding energy for t h e cohesive energy case.
The e l e c t r o n d e n s i t y i s o b t a i n e d from o v e r l a p p i n g atomic d e n s i t i e s . Once t h e embedding f u n c t i o n i s o b t a i n e d , i t i s a p p l i e d t o a d e f e c t , such as a s u r f a c e , by o v e r l a p p i n g t h e atomic d e n s i t i e s and u s i n g t h e embedding f u n c t i o n for t h e g i v e n m a t e r i a l , a l o n g w i t h t h e p a i r r e p u l s i o n term, t o o b t a i n t h e energy w i t h a d e f e c t . The parameters i n t h e e q u a t i o n a r e o b t a i n e d from f i t s t o experiment, such as vacancy e n e r g i e s or shear s t r e n g t h . The p r e s e n t authors have a p p l i e d these techniques t o t h e adhesion between t h r e e planes o f N i ( F i g . 1 1 ) and f o r s l i p on two planes o f N i ( F i g . 1 2 ) . The r e s u l t s g i v e t h e c o r r e c t t r e n d s and shapes for t h e energy curves i n b o t h cases. a p p l i e d t o a l a r g e number of defects and have been extended t o i n c l u d e a l l o y s and nonmetals. I t i s s u b s t a n t i a l l y s i m p l e r t h a n t h e s o l i d -s t a t e techniques d e s c r i b e d e a r l i e r .
The methods have been s u c c e s s f u l l y
The n e x t method we wish t o d e s c r i b e i s t h e e q u i v a l e n t c r y s t a l method o f
Smith and Banerjea ( R e f s . 29 and 301. T h i s technique a l s o uses t h e u n i v e r s a l b i n d i n g energy r e l a t i o n s . I n t h i s technique, an i o n i n a d e f e c t i s r e p r e s e n t e d by a p o s i t i o n i n a p e r f e c t c r y s t a l w i t h a s t r u c t u r e t h e same as b u l k m a t e r i a l . P e r t u r b a t i o n t h e o r y i s a p p l i e d t o t h e d i f f e r e n c e between t h e i o n i n t h e d e f e c t
and t h e i o n i n t h e e q u i v a l e n t c r y s t a l , g i v i n g E = A E E*(a*> + E1 + E2 + E3 + . . .
(5)
where t h e f i r s t term r e p r e s e n t s t h e energy o f t h e atom i n t h e c r y s t a l , and t h e r e s t o f t h e t e r m s r e p r e s e n t t h e d i f f e r e n c e i n i o n c o r e -i o n core i n t e r a c t i o n , valence e l e c t r o n k i n e t i c energy, valence e l e c t r o n -i o n core i n t e r a c t i o n , and valence e l e c t r o n -v a l e n c e e l e c t r o n i n t e r a c t i o n between t h e c r y s t a l and t h e s o l i d w i t h d e f e c t s .
( R e f . 14) used i n d e f i n i n g the d i s t a n c e i n a* t o make t h e h i g h e r o r d e r t e r m s Table I V , we show a comparison between t h e p r e d i c t i o n s of s u r f a c e e n e r g i e s f o r t h i s c a l c u l a t i o n , f u l l y three-dimensional quantum mechanical c a l c u l a t i o n s , experiment, and t h e embedded atom method.
The problem i s s o l v e d by p i c k i n g t h e Wigner-Seitz r a d i u s i n t h e p e r t u r b a t i o n expansion disappear. With t h i s accomplished, o n l y t h e f i r s t simple t e r m need be e v a l u a t e d . s i m p l i f i c a t i o n o v e r quantum mechanical models. I n
mechanical models. We n o t e t h a t experimental s u r f a c e e n e r g i e s a r e e x t r e m e l y d i f f i c u l t t o measure and a r e good t o o n l y *20 p e r c e n t a t b e s t .
Banerjea (Ref.
o f comparison o f t h i s method w i t h experiment. p a r t i c u l a r l y i m p r e s s i v e , s i n c e t h e y r e p r e s e n t small energy d i f f e r e n c e s . These a r e v e r y d i f f i c u l t t o o b t a i n a c c u r a t e l y from t h e quantum mechanical c a l c u l a t i o n s . I t i s necessary t o extend t h i s method t o a w i d e r c l a s s o f m a t e r i a l s . T h i s e x t e n s i o n and a p p l i c a t i o n t o a number o f d e f e c t s i s i n p r o g r e s s (Ref. 31). We p o i n t o u t t h a t t h e f u l l y quantum mechanical c a l c u l a t i o n s a r e s t i l l needed, s i n c e many p r o p e r t i e s cannot be c a l c u l a t e d w i t h t h e semi-empirical methods and a l s o as a t e s t o f t h e semi-empirical methods.
Both t h i s method, and t h e embedded atom method, a r e simple enough t o t r e a t r e l a x a t i o n problems.
T h i s approach a l s o r e p r e s e n t s a g r e a t We see remarkable agreement w i t h t h e f u l l y quantum S m i t h and Table V p r e s e n t s t h e These r e s u l t s a r e I n summary, a l t h o u g h experimental measurements which r e v e a l fundamental 
accuracy o f t h e p r e d i c t i o n by t h e e q u i v a l e n t c r y s t a l method g i v e s hope t h a t
The s u b s t a n t i a l p r o g r e s s w i l l be made i n p r e d i c t i o n o f i n t e r f a c e and d e f e c t e n e r g i e s . P o s s i b l y these r e s u l t s w i l l serve us and a i d e x p e r i m e n t a l i s t s i n s o r t i n g out t h e many f a c t o r s w i t h which t h e y must d e a l . Q u a l i t a t i v e or threshhold tests--not designed t o q u a n t i f y adhesion s t r e n g t h . s e t bounds on whether adhesion i s g r e a t e r than some o f t e n i l l -d e f i n e d l i m i t i n g strength.
J u s t designed t o Q u a n t i t a t i v e t e s t s --q u a n t i t a t i v e b u t n o t i d e a l values for adhesive s t r e n g t h are obtained, b u t w i t h t h e purpose o f s a t i s f y i n g some known engineering bound on the s t r e n g t h . 
Test Mac h i ne
Stored stresses i n apparatus can a f f e c t r e s u l t s , for example, by c o n t i n u i n g t o cause f r a c t u r e or p e e l i n g . S o l i d S t a t e Phys. 18, 1753 (1985) . S u r f a c e Adn,n+l Theory E x p e r i m e n t ,
Mechanical p r o p e r t i e s of t h e adherend or glue
-P e r c e n t ECM , EAMa, P e r c e n t P e r c e n t [ R e f . 301 
